DIFFERENTIAL AMPLIFIER HAVING IMPROVED BALANCE AND LINEARITY 



BACKGROUND OF THE INVENTION 
The present invention relates to a differential 
amplifier. More specif ically, it relates to an RF 
differential amplifier, a differential converter provided 
with the differential amplifier, and a mixer provided with 
the differential converter. 

The fields of radio communications (e'.g., mobile 
communications) and wired communications (e.g., cable TV) 
have imposed a demand for excellent signal linearity (low 
distortion) in an RF transmitter/receiver circuit, in order 
to improve data transfer efficiency. To prevent interference 
between RF signals and highly integrated circuits, it is 
preferable to form a differential circuit on a printed 
circuit board (PCB), especially on a Radio Frequency 
Integrated Circuit (RFIC) . The frequency mixer typically 
used in an integrated circuit is of the Gilbert-Cell type, 
which includes a differential circuit. Accordingly, an 
excellent linearity (low distortion) has been required also 
to the differential circuit. 

Fig. 1 is a schematic circuit diagram of a prior art 
differential amplifier 10. The differential amplifier 10 
includes an emitter-coupled differential pair 11. The 
differential pair 11 includes a pair of NPN transistors Ql, 
Q2 with the emitters connected to each other. The emitters 
of the NPN transistors Ql, Q2 are connected to a current 
source 12 that supplies a bias current. The bases of the 
transistors Ql, Q2 are connected to input terminals 13, 14, 
respectively. The collectors of the transistors Ql, Q2 are 
connected to output terminals 15, 16, respectively. 

Since the differential amplifier 10 operates by 
switching the bias current, the signal linearity is limited 
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by an inner potential of the PN junction, and its maximum 
output current is limited by the bias current. Therefore, 
the prior art circuit usually employs a method of improving 
the linearity at an input conversion by means of the emitter 
5 degeneration at the expenses of the gain and the noise 

characteristics, which are as important as the distortion 
characteristic. This method does not improve the linearity 
of the output power (output current), however. 

Further, there arises a problem in the balance of the 

10 differential outputs. The problem is related to the balance 
of amplitudes of the differential outputs and the balance of 
phase errors thereof. The balance of the differential 
outputs is in connection with the balance of the differential 
input signals. The balance of the differential input signals 

15 has considerable influence on many characteristics of the 
differential circuit, such as the isolation characteristic 
and the spurious characteristic of the double balanced type 
Gilbert-Cell mixer, and the orthogonal accuracy in the 
orthogonal phase shifter comprising a differential CR network. 

20 In the case of the orthogonal phase shifter comprising the 

differential CR network, a spurious component produced by the 
distortion affects the orthogonal accuracy. And these 
important characteristics all have an effect on the 
communication system. 

25 Moreover, in the prior art differential pair, a slight 

shift of the balance of the RF input signals results in an 
unbalance to the output signals. The differential pair is 
used in an input circuit of the Gilbert-Cell mixer, and is 
used in a differential signal buffer amplifier as well. 

30 Accordingly, it is important to improve the balance of the 
output signals. 

Additionally, the ICs are supplied with the 
differential signals through a balun. The balun includes an 
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RF laminated hybrid balun that is used in the RF circuit of a 
transceiver. However, the RF laminated hybrid balun has a 
narrow band characteristic, which makes it difficult to 
attain a sufficient balance. 

5 

SUMMARY OF THE INVENTION 
An object of the present invention is to provide a 
differential amplifier that has improved balance and signal 
linearity. 

10 In a first aspect of the present invention, a 

differential amplifier that receives first and second input 
signals and generates first and second output signals is 
provided. The differential amplifier includes first and 
second differential converters. The first differential 

15 converter includes a first grounded emitter amplifier that 
receives the first input signal and generates a first 
differential output signal, and a first grounded base 
amplifier that receives the first input signal and generates 
a second differential output signal. The second differential 

20 converter includes a second grounded emitter amplifier that 
receives the second input signal and generates a third 
differential output signal, and a second grounded base 
amplifier that receives the second input signal and generates 
a fourth differential output signal. The first output signal 

25 is generated by coupling the first differential output signal 
and the fourth differential output signal, and the second 
output signal is generated by coupling the second 
differential output signal and the third differential output 
signal . 

30 In a second aspect of the present invention, a 

differential converter is provided. The differential 
converter includes an input-stage differential converter and 
a differential amplifier. The input-stage differential 
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converter includes a first grounded emitter amplifier that 
receives an original input signal and generates a first 
differential input signal, and a first grounded base 
amplifier that receives the original input signal and 
generates a second differential input signal. The 
differential amplifier is connected to the input-stage 
differential converter, for receiving the first and second 
differential input signals and generating first and second 
output signals. The differential amplifier includes first 
and second output-stage differential converters. The first 
output-stage differential converter includes a second 
grounded emitter amplifier that receives the first 
differential input signal and generates a first differential 
output signal, and a second grounded base amplifier that 
receives the first differential input signal and generates a 
second differential output signal. The second output-stage 
differential converter includes a third grounded emitter 
amplifier that receives the second differential input signal 
and generates a third differential output signal, and a third 
grounded base amplifier that receives the second differential 
input signal and generates a fourth differential output 
signal. The first output signal is generated by coupling the 
first differential output signal and the fourth differential 
output signal, and the second output signal is generated by 
coupling the second differential output signal and the third 
differential output signal. 

In a third aspect of the present invention, a mixer is 
provided, which mixes first and second input signals with 
first and second carrier signals to generate first and second 
mixer output signals. The mixer includes a differential 
amplifier that receives the first and second input signals 
and generates first and second output signals. The 
differential amplifier includes first and second differential 
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converters. The first differential converter includes a 
first grounded emitter amplifier that receives the first 
input signal and generates a first differential output signal, 
and a first grounded base amplifier that receives the first 
5 input signal and generates a second differential output 

signal. The second differential converter includes a second 
grounded emitter amplifier that receives the second input 
signal and generates a third differential output signal, and 
a second grounded base amplifier that receives the second 

10 input signal and generates a fourth differential output 

signal. The first output signal is generated by coupling the 
first differential output signal and the fourth differential 
output signal, and the second output signal is generated by 
coupling the second differential output signal and the third 

15 differential output signal. The mixer also includes a pair 
of differential circuits connected to the differential 
amplifier, for receiving the first and second output signals 
and the first and second carrier signals to generate the 
first and second mixer output signals. 

20 Other aspects and advantages of the invention will 

become apparent from the following description, taken in 
conjunction with the accompanying drawings, illustrating by 
way of example the principles of the invention. 

25 BRIEF DESCRIPTION OF THE DRAWINGS 

The invention, together with objects and advantages 
thereof, may be best understood by reference to the 
description of the following embodiments together with the 
accompanying drawings in which: 
30 Fig. 1 is a schematic circuit diagram of a prior art 

differential amplifier; 

Fig. 2 is a schematic diagram of a differential 
amplifier according to a first embodiment of the present 
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invention; 

Fig. 3 is a schematic circuit diagram of the 
differential amplifier of Fig. 2; 

Fig. 4 is a circuit diagram of the differential 
5 amplifier according to the first embodiment of the present 
invention; 

Fig. 5 is a circuit diagram illustrating a first 
alternative example of the differential amplifier of Fig. 4; 

Fig. 6 is a circuit diagram illustrating a second 
10 alternative example of the differential amplifier of Fig. 4; 

Fig. 7 is a schematic circuit diagram of a single-end 
differential converter according to a second embodiment of 
the present invention; 

Fig. 8 is a schematic circuit diagram of a differential 
15 input type mixer according to a third embodiment of the 
present invention; and 

Fig. 9 is a schematic circuit diagram of a single-end 
input type mixer according to a fourth embodiment of the 
present invention. 

20 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 
In the drawings, like numerals are used for like 
elements throughout . 

As shown in Fig. 2, a differential amplifier 20 
25 according to a first embodiment of the present invention 

includes first and second single-end differential converters 
21, 22, and first and second adders 23, 24. The first and 
second single-end differential converters 21, 22 respectively 
receive first and second input signals Iz, Ix that are 
30 complementary. Differential outputs of the first 

differential converter 21 are cross-coupled to those of the 
second differential converter 22 by the first and second 
adders 23, 24 to produce complementary output signals Oz, Ox. 



6 



Specifically, a non-inverted output terminal of the 
first differential converter 21 and an inverted output 
terminal of the second differential converter 22 are 
connected to the first adder 23, which outputs the first 
output signal Oz. An inverted output terminal of the first 
differential converter 21 and a non-inverted output terminal 
of the second differential converter 22 are connected to the 
second adder 24, which outputs the first output signal Ox. 

As shown in Fig. 3, the first differential converter 21 
includes a grounded emitter amplifier 25 and a grounded base 
amplifier 26. The amplifiers 25, 26 receive a first input 
signal Iz, and respectively generate first differential 
output signals Slz, Six having reverse phases by operating in 
a reverse phase manner to the first input signal Iz. 

The second differential converter 22 includes a 
grounded emitter amplifier 27 and a grounded base amplifier 
28. The amplifiers 27, 28 receive a second input signal Ix, 
and respectively generate second differential output signals 
S2z, S2x having reverse phases by operating in a reverse 
phase manner to the second input signal Ix. 

It is preferable that the grounded emitter amplifiers 
25, 27 and the grounded base amplifiers 26, 28 are formed 
adjacently on a single semiconductor substrate so that these 
pairs have the same electric characteristics. 

Next, the operation of the differential amplifier 20 
will be described. 

The input signals Iz, Ix are given by the following 
equations (1) . 

Iz = sin(o)t) 

Ix = pX sin ( co t + k + § ) (1) 
Here, p represents a relative amplitude error between 
the first and second input signals Iz, Ix; and $ represents 
a phase error between the first and second input signals Iz, 
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the phase error <f> = +20° of the input signals, the amplitude 
error k = 1.05 (5 % error), and the phase error 9 = +5° of 
the differential converters , the calculation results of the 
amplitude error k(o) and the phase error 0 (o) of the output 
5 signals are k(o) = 1.01 (1 % error) and <f> (o) = -0.96° . Thus, 
the amplitude error and phase error of the output signals Oz, 
Ox are improved to an unquestionable degree, in comparison 
with the amplitude error and phase error of the input signals 
I z , Ix . 

10 In the above embodiment, the grounded emitter 

amplifiers 25, 27 with the single-end configuration do not 
perform a bias current switching; however, when relatively 
high-level input signals are supplied, they increase the bias 
current according to the self-biasing effect by the input 

15 signals (AB-class operation) . As a result, the grounded 
emitter amplifiers 25, 27 delay the time until the output 
power (current) of the grounded emitter amplifiers 25, 27 
reaches a saturation point, in comparison with a saturation 
reach time of the conventional emitter coupled differential 

20 amplifier. Therefore, the linearity of the output signals 

Slz, Six is improved, and furthermore, the power efficiency 
is also improved. 

The differential output signals Slz, Six of the first 
differential converter 21 and the differential output signals 

25 S2z, S2x of the second differential converter 22 are cross- 
coupled, such that the balance characteristic of the output 
signals Oz, Ox is improved. Therefore, the differential 
amplifier 20 generates the complementary output signals Oz, 
Ox that have improved linearity and balance. 

30 Fig. 4 is a circuit diagram of a differential amplifier 

200. 

The differential amplifier 200 includes first and 
second differential converters 21, 22. The grounded emitter 
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amplifier 25 of the first differential converter 21 includes 
an NPN transistor Qll, resistors Rl, R2, and a capacitor CI. 
A bias voltage VB is applied to the base of the transistor 
Qll via the resistor Rl, and the emitter of the transistor 
5 Qll is connected to the ground via the resistor R2 . The base 
of the transistor Qll is connected to a first input terminal 
Til via the DC decoupling capacitor CI, and the collector of 
the transistor Qll is connected to a first output terminal 
Tol . 

10 The grounded base amplifier 26 of the first 

differential converter 21 includes an NPN transistor Q12, 
resistors R3, R4, and capacitors C2, C3 . The base of the 
transistor Q12 is connected to the ground via the capacitor 
C2, and the bias voltage VB is applied to the base of the 

15 transistor Q12 via the resistor R3 . The emitter of the 

transistor Q12 is connected to the ground via the resistor R4 . 
The emitter of the transistor Q12 is connected to the first 
input terminal Til via the DC decoupling capacitor C3, and 
the collector of the transistor Q12 is connected to a second 

20 output terminal To2 . 

The grounded emitter amplifier 27 of the second 
differential converter 22 includes an NPN transistor Q13, 
resistors R5, R6, and a capacitor C4 . The bias voltage VR is 
applied to the base of the transistor Q13 via the resistor R5, 

25 and the emitter of the transistor Q13 is connected to the 

ground via the resistor R6 . The base of the transistor Q13 - 
is connected to a second input terminal Ti2 via the DC 
decoupling capacitor C4, and the collector of the transistor 
Q13 is connected to the second output terminal To2 . 

30 The grounded base amplifier 28 of the second 

differential converter 22 includes an NPN transistor Q14, 
resistors R7, R8, and capacitors C5, C6. The base of the 
transistor Q14 is connected to the ground via the capacitor 
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output signals Oz, Ox by cross-coupling the differential 
output signals Slz, Six, S2z, S2x of the amplifiers 25 
through 28. As a result, the balance of the differential 
output signals Oz, Ox is improved. Furthermore, the 
5 linearity of the differential output signals Oz, Ox is 

improved by using the grounded emitter type amplifiers 25, 27. 
The first embodiment may be modified as follows. 
The configuration of the amplifiers 25 through 28 may 
be appropriately modified. 

10 In a first alternative example as shown in Fig. 5, a 

differential amplifier 20a includes first and second 
differential converters 21a, 22a. The first differential 
converter 21a includes a grounded emitter amplifier 25a and a 
grounded base amplifier 26a. The second differential 

15 converter 22a includes a grounded emitter amplifier 27a and a 
grounded base amplifier 28a. 

The grounded emitter amplifier 25a includes an NPN 
transistor Qll and a resistor R2 . The emitter of the 
transistor Qll is connected to the ground via the resistor R2, 

20 and the input signal Iz is applied to the base of the 
transistor Qll. 

The grounded base amplifier 26a includes NPN 
transistors Q12, Q15, a resistor R4 , and a capacitor C2 . The 
bias voltage VB is applied to the base of the transistor Q12, 

25 which is thereof connected to the ground via the capacitor C2 . 
The emitter of the transistor Q12 is connected to the ground 
via the resistor R4 . The transistor Q15 is connected between 
the transistor Q12 and the resistor R4 . The collector of the 
transistor Q15 is connected to the emitter of the transistor 

30 Q12, and the emitter of the transistor Q15 is connected to 
the resistor R4 . The base and collector of the transistor 
Q15 are connected to each other, and the base of the 
transistor Q15 is connected to the base of the transistor Qll 
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of the grounded emitter amplifier 25a. 

The grounded emitter amplifier 27a includes an NPN 
transistor Q13 and a resistor 6, which are connected in the 
same manner as in the case of the grounded emitter amplifier 
5 25a. 

The grounded base amplifier 28a includes NPN 
transistors Q14, Q16, a resistor R8, and the capacitor C2, 
which are connected in the same manner as in the case of the 
grounded base amplifier 26a. Note that the capacitor C2 is 
10 shared by the grounded base amplifiers 26a and 28a. 

In the grounded base amplifiers 26a and 28a, the bias 
voltage applied to the bases of the transistors Q15, Q16 is 
determined by the current that flows through the transistors 
Q12, Q14. The bias voltage to the transistors Q12, Q14 is 
15 also applied to the bases of the transistors Qll, Q13. 

Therefore, the resistors Rl, R3, R5, R7 and the DC decoupling 
capacitors CI, C3, C4, C6 in Fig. 4 are no longer necessary. 

In a second alternative example as shown in Fig. 6, a 
differential amplifier 20b includes first and second 
20 differential converters 21b, 22b. The first differential 

converter 21b includes a grounded emitter amplifier 25b and a 
grounded base amplifier 26b. The second differential 
converter 22b includes a grounded emitter amplifier 27b and a 
grounded base amplifier 28b. 
25 The grounded emitter amplifier 25b includes NPN 

transistors Qll, Q17 and a resistor R2 . The emitter of the 
transistor Qll is connected to the ground via the resistor R2, 
and the input signal Iz is applied to the base of the 
transistor Qll. The transistor Q17 is connected between the 
30 transistor Qll and the output terminal Tol. The emitter of 
the transistor Q17 is connected to the collector of the 
transistor Qll, and the collector of the transistor Q17 is 
connected to the output terminal Tol. The bias voltage VB is 
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applied to the base of the transistor Q17. 

The grounded base amplifier 26b includes NPN 
transistors Q12, Q15, a resistor R4, and a capacitor C2 . The 
bias voltage VB is applied to the base of the transistor Q12, 
5 which is thereof connected to the ground via the capacitor C2 . 
The transistor Q15 is connected between the transistor Q12 
and the resistor R4 . The collector of the transistor Q15 is 
connected to the emitter of the transistor Q12, and the 
emitter of the transistor Q15 is connected to the ground via 
10 the resistor R4 . The base and collector of the transistor 
Q15 are connected to each other, and the base of the 
transistor Q15 is connected to the base of the transistor Qll 
of the grounded emitter amplifier 25b. 

The grounded emitter amplifier 27b includes NPN 
15 transistors Q13, Q18 and a resistor R6, which are connected 
in the same manner as in the case of the grounded emitter 
amplifier 25b. 

The grounded base amplifier 28b includes NPN 
transistors Q14, Q16, a resistor R8 , and the capacitor C2, 
20 which are connected in the same manner as in the case of the 
grounded base amplifier 26b. 

In the differential amplifier 20b, the resistors Rl, R3, 
R5, R7 and the DC decoupling capacitors CI, C3, C4, C6 are no 
longer necessary, thereby reducing the circuit size. 
25 Furthermore, the grounded emitter amplifiers 25b, 27b are in 
a cascaded configuration, thereby improving the balance of 
the differential amplifier. 

As shown in Fig. 7, a single-end differential converter 
30 according to a second embodiment of the present invention 
30 includes an input-stage differential converter 31 and the 
differential amplifier 20 of Fig. 2. The differential 
amplifier 200 of Fig. 4, the differential amplifier 20a of 
Fig. 5, or the differential amplifier 20b of Fig. 6 may 
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alternatively replace the differential amplifier 20. The 
differential converter 31 includes a base-input grounded 
emitter amplifier 32 and an emitter-input grounded base 
amplifier 33. The amplifier 32 receives an input signal In 
to generate a differential output signal Iz. The amplifier 
33 receives the input signal In to generate a differential 
output signal Ix. 

Since the single-end differential converter 30 includes 
the differential amplifier 20, the output signals Oz, Ox with 
the improved linearity and balance are generated. 

As shown in Fig. 8, a differential input type mixer 40 
according to a third embodiment of the present invention 
includes the differential amplifier 20 and two differential 
circuits 41, 42. That is, the differential input type mixer 
40 can be taken as a system in which the differential 
amplifier 20 replaces a differential pair in a Gilbert-Cell 
mixer. The differential amplifier 200 of Fig. 4, the 
differential amplifier 20a of Fig. 5, or the differential 
amplifier 20b of Fig. 6 may alternatively replace the 
differential amplifier 20. 

The first differential circuit 41 receives carrier 
signals Loz, Lox to generate first complementary differential 
output signals based on the output signal Oz of the 
differential amplifier 20. The second differential circuit 
42 receives the carrier signals Loz, Lox to generate second 
complementary differential output signals based on the output 
signal Ox of the differential amplifier 20. The first 
complementary differential output signals and the second 
complementary differential output signals are cross-coupled , 
thereby generating mixer output signals Olz, Olx in which the 
input signals Iz, Ix are mixed with the carrier signals Loz, 
Lox . 

The first differential circuit 41 includes emitter 



coupled NPN transistors Q21, Q22. The output signal Oz of 
the differential amplifier 20 is supplied to the emitters of 
the transistors Q21, Q22. The carrier signals Loz, Lox are 
supplied to the bases of the transistors Q21, Q22 
5 respectively . 

The second differential circuit 42 includes emitter 
coupled NPN transistors Q23 , Q24. The output signal Ox of 
the differential amplifier 20 is supplied to the emitters of 
the transistors Q23, Q24. The carrier signals Loz, Lox are 
10 supplied to the bases of the transistors Q23, Q24 
respectively . 

The output signals of the first and second differential 
circuits 41, 42 are cross-coupled, and the mixer circuit 40 
generates the mixer output signals Olz, Olx in which the 

15 input signals Iz, Ix are mixed with the carrier signals Loz, 
Lox. Thus, the mixer circuit 40 has improved balance, and 
generates the mixer output signal Olz, Olx that have improved 
linearity and balance. 

As shown in Fig. 9, a single-end input type mixer 50 

20 according to a fourth embodiment of the present invention 
includes the differential converter 30 and the two 
differential circuits 41, 42. The differential converter 30 
includes the differential inversion section 31 and the 
differential amplifier 20 (of Fig. 2) . That is, the single- 

25 end input type mixer 50 can be taken as a system in which the 
single-end input type differential converter 30 of Fig. 7 
replaces a differential pair in a Gilbert-Cell mixer. 

The mixer 50 does not need the balun that generates the 
differential signals. Therefore, even if the input signal In 

30 has a relatively broad frequency band, the mixer 50 generates 
output signals 02z, 02x having improved balance and linearity. 

It should be apparent to those skilled in the art that 
the present invention may be embodied in many other specific 
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forms without departing from the principle and the scope of 
the invention. Particularly, it should be understood that 
the invention may be embodied in the following forms. 

The NPN transistors may be replaced by PNP bipolar 
5 transistors or FETs. 

Therefore, the present examples and embodiments are to 
be considered as illustrative and not restrictive and the 
invention is not to be limited to the details given herein, 
but may be modified within the scope and equivalence of the 
10 appended claims. 
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